Abstract: Molecular beacon DNA probes, containing 1-4 pyrene monomers on the 5′ end and the quencher DABCYL on the 3′ end, were engineered and employed for real-time probing of DNA sequences. In the absence of a target sequence, the multiple-pyrene labeled molecular beacons (MBs) assumed a stemclosed conformation resulting in quenching of the pyrene excimer fluorescence. In the presence of target, the beacons switched to a stem-open conformation, which separated the pyrene label from the quencher molecule and generated an excimer emission signal proportional to the target concentration. Steady-state fluorescence assays resulted in a subnanomolar limit of detection in buffer, whereas time-resolved signaling enabled low-nanomolar target detection in cell-growth media. It was found that the excimer emission intensity could be scaled by increasing the number of pyrene monomers conjugated to the 5′ terminal. Each additional pyrene monomer resulted in substantial increases in the excimer emission intensities, quantum yields, and excited-state lifetimes of the hybridized MBs. The long fluorescence lifetime (∼40 ns), large Stokes shift (130 nm), and tunable intensity of the excimer make this multiple-pyrene moiety a useful alternative to traditional fluorophore labeling in nucleic acid probes.
Introduction
Hairpin oligonucleotide probes, or molecular beacons (MBs), are utilized in many types of DNA/RNA targeting applications including intracellular mRNA monitoring, real-time PCR, gene microarrays, and biosensors. [1] [2] [3] [4] [5] [6] [7] [8] Presently, there is a strong interest in enhancing the fluorescence signaling sensitivity of MBs for real-time probing of nucleic acids in biological samples. MBs typically consist of a 25-35-mer nucleotide sequence with a complementary 5-6 base region at each end to which a fluorophore and nonfluorescent quencher molecule are covalently attached. In its natural conformation, the complimentary ends of the oligonucleotide hybridize and form a short stem bringing the fluorophore and quencher moieties into close proximity. This close spatial proximity induces fluorescence resonance energy transfer (FRET) from the excited-state fluorophore to the quencher molecule, thus quenching the fluorescence signal from the donor fluorophore. 1, 3, 9 In the presence of a DNA/RNA target, the loop strand of the MB hybridizes with the complimentary target sequence, causing the stem to open and the termini to separate. The spatial separation of the fluorophore and quencher restores emission from the excitedstate fluorophore and generates a fluorescence signal proportional to the amount of target present. In traditional MB signaling, the detection sensitivity is directly limited by the fluorescence intensity generated upon the opening of a single MB stem when target binding occurs. Fluorophores, such as FAM and TMR, are often employed in MBs due to having intrinsically high quantum yields, small molecular weights, and high chemical stability and solubility. Despite their appealing properties, these fluorophore-labeled MBs are limited to the fluorescence output of a single dye molecule in the stem-open state, which in turn limits the signaling range and prevents lower target detection limits from being attained. Higher signaling sensitivities are often achieved through FRET and other excited- † University of Florida. ‡ Columbia University. § Xiamen University.
(1) Tyagi, S.; Kramer, F. R. Nat. Biotechnol. 1996, 14, 303-308; Tyagi, S.;  Bratu, D. P.; Kramer, F. R. Nat. Biotechnol. 1998, 16, 49-53 state interactions involving two or more fluorophores. [9] [10] [11] [12] [13] [14] Okamura et al. 15 showed that double-labeling organic fluorophores as fluorescence donors could improve the FRET efficiency in linear probes by increasing the acceptor fluorescence range. However, the emission intensity of multiple-fluorophore complexes in similar FRET-based probes is limited by the significant self-quenching of the donor fluorescence as observed in the background signal. Recently, novel fluorescent materials including quantum dots 16 and amplifying fluorescent polymers 17 have been explored as signaling elements in molecular beacons for signal amplification.
We have modified a fluorophore-quencher labeling scheme in MBs incorporating an assembly of pyrene monomers, which both enhances fluorescence output and enables a time-resolved signaling approach for improved background discrimination. In close enough proximity, an excited-state pyrene monomer and ground-state monomer can form an excimer state that fluoresces at a substantially longer wavelength than the monomer emission. [18] [19] [20] It has also been shown that the intensity of the excimer emission can be enhanced by both inter-and intramolecular aggregation of pyrene monomers due to a greater probability of dimerization. Previous bis-pyrene labeled oligonucleotides have been used to probe RNA folding and DNA duplex formation by monitoring the monomer and excimer emission fluctuations that arise from local base stacking and quenching effects. [21] [22] [23] [24] Both the dimer-forming and baseintercalating phenomena of these bis-pyrene labels have made them versatile in probing oligonucleotide interactions. In stemforming oligonucleotide probes, such as molecular beacons and molecular beacon aptamers, pyrene monomers have been labeled at opposite terminals to facilitate an excimer-monomer switching mechanism that is controlled by the bound and unbound conformations of the oligonucleotide. 25, 26 The sensitivity of these singly labeled pyrene probes is typically more dependent on the excimer emission due to the inherently high autofluorescence and light scattering in the pyrene monomer emission region.
We report the spectroscopic application of an excimer signaling multiple-pyrene label in molecular beacon DNA probes.
Pyrene monomers linked symmetrically to the 5′ end of an MB sequence favors the formation of intramolecular excimers when excited. Unlike previous pyrene-labeled DNA probes that rely on base-stacking interactions and excited-state switching mechanisms, the multiple-pyrene MBs provide a sensitive excimer-FRET signaling mechanism, making use of the long fluorescence lifetime and large Stokes shift of the pyrene excimer. The conjugation of additional monomers at the 5′ terminal allows the fluorescence intensity of the excimer to be magnified, thus yielding a higher fluorescence signal for each molecular recognition event.
Materials and Methods
Chemicals and Reagents. Deoxyribonucleotides, dendrimers, 5′ amino-modifiers, and 3′ DABCYL-CPGs were purchased from Glen Research (Sterling, VA). Four MBs were synthesized with the following 32-mer sequence: 5′-CCTAGCTCTAAATCACTATGGTCGC-GCTAGG-3′ (bold indicates stem region). Each was labeled with a single DABCYL molecule at the 3′ terminal and between one and four pyrene molecules at the 5′ terminal (MB-1P, MB-2P, MB-3P, and MB-4P). The target cDNA was synthesized with the sequence complimentary to the loop sequence of the MB (nonbold region). Pyrenebutyric acid was purchased from Aldrich. Dimethylformamide, dicyclocarbodiimide, and dimethylaminopyridine were purchased from Fisher. A solution of 0.1 M triethylamine acetate (TEAA) was used as HPLC buffer A, and HPLC-grade acetonitrile (Fisher) was used as buffer B. Purified oligonucleotides were dissolved in DNase-free water (Fisher). Buffer-based detection assays were conducted at room temperature in a Tris-HCl buffer (20 mM Tris-HCl, 25 mM NaCl, 5 mM MgCl 2, pH: 7.4). DMEM (Mediatech, Herndon, VA) was used as cell media for time-resolved DNA detection assays. 9,10-Diphenylanthracene in cyclohexane (Φ R ) 0.95, η ) 1.423) was used as a reference standard in quantum yield measurements for the pyrene labeled MBs.
Instruments. DNA synthesis was performed on an ABI3400 DNA/ RNA synthesis. A ProStar HPLC (Varian) with an Econsil C-18 column (5U, 250 × 4.6 mm) was used for probe purification. Absorbances were measured on a Carry-Bio300 UV/vis spectrometer (Varian) and used to calculate probe concentration. A Fluorolog-Tau-3 spectrofluorometer was used for all steady-state hybridization assays with an excitation of 350 nm. Time-resolved emission was measured on an OB920 (Edinburgh Analytical Instruments) by time-correlated singlephoton counting using a nitrogen flash lamp at 337 nm for excitation.
Synthesis and Purification of Pyrene Labeled MBs. Oligonucleotides were synthesized using solid-state phosphoramidite chemistry on a 1 µmol scale. Each MB sequence began on column with a 3′ DABCYL molecule covalently attached to a control-pore glass (CPG) substrate. After synthesizing each sequence, the 5′ nucleotides of MB-2P, MB-3P, and MB-4P were coupled to dendrimeric linker phosphoramidites bearing DMT protected hydroxyl groups. Doubler and trebler phosphoramidites were used for MB-2P and MB-3P, respectively. For MB-4P, two levels of branching were constructed by coupling a single doubler to the 5′ base and an additional doubler to each of the two symmetric branches. An amine group was added to each branch by coupling a 5′ amino-modifier C6 linker phosphoramidite to the deprotected hydroxyl groups. The 5′ terminal of MB-1P contained only a single amino-modifier C6 linker. The columns were then flushed slowly with 15 mL of dimethylformamide (DMF). The CPG containing the MB-1P sequence was released from the column into a 1 mL solution of DMF containing 14.4 mg (50 µmol) pyrenebutyric acid, 10.3 mg (50 µmol) dicyclocarbodiimide, and 6.1 mg (50 µmol) dimethylaminopyridine. This step was repeated for each MB sequence with the quantity of coupling reagents scaled by the number of pyrene molecules to be added to the 5′ terminal (i.e., 200 µmol for MB-4P). The coupling reactions proceeded at room temperature for approximately 6 h and the resulting solutions were washed three times with DMF to remove uncoupled pyrene. The CPG pellets were then added to 3 mL solutions of 50% v/v ammonium hydroxide/methylamine and incubated at 60°C for 15 min to cleave heterocyclic amine groups, cyanoethyl groups, and CPG from the oligonucleotide sequences. The mixtures were centrifuged and the colorless supernatants were retained. The impure oligonucleotides were precipitated in ethanol and isolated in solid form. Each MB was twice purified using gradient elution RP-HPLC on a C-18 column with a flow rate of 1 mL/min. Buffer B was increased linearly from 20 to 70% over a 30 min period, while absorbance and fluorescence intensities were monitored. Samples which had absorbance peaks at 260, 350, and 490 nm and emission at 398 nm with 350 nm excitation were collected and dried in a SpeedVac. For each MB, the peak with the longest retention time, indicating the maximum pyrene coupling, was retained and used for experiments. The purified MBs were identified by MALDI-TOF mass spectrometry using a Voyager DE mass spectrometer (applied Biosystems): MB-1P 10389 (found), 10386 (calculated); MB-2P 11189 (found), 11189 (calculated); MB-3P 11663 (found), 11661 (calculated); MB-4P 12797 (found), 12795 (calculated).
Quantum Yield Determination. The quantum yields of pyrenelabeled MBs were determined using 9,10-diphenylanthracene in cyclohexane as a reference (Φ R ) 0.95). The pyrene-labeled oligonucleotides were dissolved in aqueous solution with 5 units of DNase I to fully separate the quenching effect of DABCYL on the pyrene complexes. Concentrations of the reference and probes were adjusted to yield an approximate absorbance intensity of less than 0.05 to avoid inner filter effects. An excitation of 346 nm was used, and fluorescence emission was integrated from 350 to 700 nm. The quantum yields were calculated from the following formula where the subscripts F and R denote sample and reference respectively; Φ, ∫I, A, and n are fluorescence quantum yield, integrated fluorescence intensity, absorbance, and refractive index of the solvent, respectively. In this case, n ) 1.333, and n R)1.423.
Results and Discussion
Design and Synthesis of Multiple-Pyrene Labeled MBs. Previous DNA probes have incorporated pyrene derivates into various positions around a nucleotide to monitor pyrene-base and pyrene-pyrene interactions resulting from target binding. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] A method of assembling multiple quenchers using dendrimer linkers was applied here to assemble multiple pyrene molecules together at the 5′ end of a DNA sequence. 36 With a single DABCYL (4-(4-(dimethylamino)phenylazo)benzoic acid) quencher molecule on the 3′ end, 2-4 pyrene molecules were linked to the 5′ end (MB-2P, MB-3P, and MB-4P) by varying the arrangement of carbon linkers. The pyrene-labeled MB reported here (MB-2P) contains a dual-pyrene label on the 5′ end and a single DABCYL molecule on the 3′ end ( Figure 1a) .
The dual-pyrene moiety positions the pyrene monomers in close proximity through two symmetric 18 atom linkers covalently attached at the 5′ terminal. Figure 1b schematically shows the hybridization of MB-2P with target DNA. In the beacon's stem-open conformation, intense excimer fluorescence is generated as a result of the dimerization of the two adjacent pyrene monomers. Increasing the concentration of MB-2P in the hybridized state did not change the excimer/monomer emission ratio, confirming that dimer formation was due to intramolecular interactions. The long length of the alkane linkers is favorable, because it helps (i) minimize pyrene intercalation within the base stacking region of the DNA duplex and (ii) prevent monomer interactions with bases on the 5′ stem, thus avoiding fluorescence quenching effects. Unlike excimermonomer switching mechanisms, the dual-pyrene functionality makes use of only the excimer emission, which offers significant advantages over traditional fluorophores in spectroscopic signaling applications. Despite having more synthesis steps than traditional MBs, the strong hydrophobicity of the dual-pyrene label is remarkably effective in enhancing the purity of the MB, which in turn minimizes the residual fluorescence and target binding competition from non-labeled DNA sequences.
The DABCYL chromophore (λ max ) 490 nm) was selected as a quencher, since it exhibits sufficient spectral overlap with the excimer emission of pyrene (480 nm) and provides an efficient nonradiative sink for the pyrene excimer. In addition, DABCYL has minor absorption in the pyrene monomer emission region, which helps further diminish the excimer emission, since the excited-state monomer is the precursor for the excimer state. DABCYL thus serves as an efficient excimer quencher in these multiple-pyrene MBs.
Steady-State Fluorescence Measurements to Detect Target DNA. To test the target signaling performance of MB-2P, steady-state fluorescence experiments were performed. Figure  1c shows the emission spectra of MB-2P at 350 nm excitation with varying concentrations of target DNA in buffer solution. The emission of MB-2P without target was indistinguishable from the background light scattering in the excimer emission range, indicating a high quenching efficiency by the DABCYL label. Two small peaks at 375 and 398 nm represented the fraction of unquenched monomer fluorescence in the dualpyrene label. When titrated with target DNA, the excimer emission of MB-2P increased, reaching a maximum intensity with 1 equiv of target. The spectra also show a slight, but steady increase in the emission peaks at 375 and 398 nm, which was due to the fluorescence of the pyrene monomer fraction being simultaneously restored when the MB hybridized to the target. As high as a 29-fold excimer signal enhancement was attained when equimolar target sequence was introduced into the MB solution. The sensitivity of this steady-state signaling mechanism is comparable with most FRET-based MBs with a limit of detection in the subnanomolar range. For example, a FAM labeled MB with the same sequence and quencher label exhibited a signal enhancement of approximately 15-fold under the same experimental conditions. The signal-to-background ratio of MB-2P was further enhanced by adding optimal amounts of divalent cations and DMF to the buffer. Hybridization results (27) 
of MB-2P indicated that covalently bringing two pyrene molecules together allows efficient formation of an excimer complex. Furthermore, the excimer emission can be quenched in the same way as other organic fluorophores by common quencher molecules such as DABCYL. Thus, this pyrene assembly may be utilized in a variety of molecular probing platforms.
Time-Resolved Excimer Measurements. Differentiating the fluorescence signals between the probe and background species is often difficult with steady-state measurements. Alternatively, time-resolved fluorescence monitoring can provide better signaling sensitivity in complex samples but is dependent on the fluorescent lifetime and Stokes shift of the signaling agent. Lanthanide chelates (luminophores) are currently being explored as labeling agents in LRET-based probes due to their extraordinarily long fluorescence lifetimes and large Stokes shifts (up to 300 nm). 37 Because most organic fluorophores possess lifetimes less than 10 ns, their use for such time-gated analysis is precluded. However, the pyrene excimer is unique among organic fluorophores, possessing a long fluorescence lifetime (40 ns) and large Stokes shift (130 nm). Retaining this lifetime and Stokes shift property in the multiple-pyrene label is critical for maximizing signaling sensitivity in complex biological samples.
Time-resolved fluorescence signaling of MB-2P was first investigated in buffer solution (Figure 2 ). Without target, the fluorescence signal of the quenched dual-pyrene label was retained longer than the buffer signal at both 398 and 480 nm. The background emission increase of MB-2P was noticeably more pronounced in the monomer channel due to both a weaker monomer quenching efficiency (less absorption overlap from DABCYL molecule at 398 nm) and substantially longer emission lifetime of the pyrene monomer (100 ns) compared to the light scattering from the buffer (<7 ns). The lifetime of MB-2P at 480 nm was 33 ns (70% fluorescence contribution) with most of the signal originating from the unquenched excimer fraction in the dual-pyrene label. In the presence of excess cDNA, the fluorescence decay of MB-2P changed very little in the monomer channel (Figure 2a) , whereas the excimer emission intensity increased significantly over the full time scale (Figure  2b ). The unquenched excimer emission of the dual-pyrene label was easily differentiated from the buffer and background emissions over a sustained time period after excitation. A maximum signal-to-background enhancement of 25 was achieved in the 90-100 ns time interval. The lifetime of target-hybridized MB-2P increased to 39 ns (87.5%), indicative of the unquenched excited-state of the pyrene excimer in solution. This value is approximately one order magnitude longer than the fluorescence lifetimes of most biological species, thus making time-resolved fluorescence signaling feasible in complex biological samples.
Nucleic Acid Detection in Cell Media. To evaluate its potential effectiveness in bioassays, MB-2P was tested in Dulbecco's cell growth media. Figure 3 shows the steady-state emission spectra of MB-2P in the presence and absence of target in both buffer solution and cell growth media.
In the cell growth media, the high autofluorescence dominated the luminescence spectra from 400 to 500 nm. To discriminate the dual-pyrene excimer emission from the high background fluorescence, time-gated photon counting was employed. Figure  4a compares the emission intensities of MB-2P in the presence of target at different times after excitation. At 0 ns, the spectrum is dominated by the autofluorescence of the medium and resembles the steady-state luminescence spectrum shown in Figure 3 . At 40 ns, the spectrum closely resembled the steadystate spectrum of MB-2P in buffer with a dominant pyrene excimer emission peak at approximately 480 nm. At 100 ns after the excitation pulse, the luminescence spectrum is dominated by the pyrene monomer fluorescence, because of the longer fluorescence lifetime of the pyrene monomer compared to the excimer.
The sensitivity of the time-resolved excimer signaling approach was investigated for quantifying DNA in cell growth media. It followed from the time-resolved emission spectra that once the autofluorescence had decayed away (less than 40 ns after excitation), a local emission maximum for MB-2P was observed in the pyrene excimer emission channel. The fluorescence decays of MB-2P were thus appropriately monitored at this channel (480 nm) with varying concentrations of target cDNA in the cell media (Figure 4b ). The total photon counts increased proportionally with cDNA concentration and a clear signal separation was obtained for the fully hybridized MB-2P. A maximum signal separation was observed in a time window of 60-110 ns. In this time window, much of the excimer emission still occurred, while most of the background autofluorescence had decayed. These results show time-resolved analysis of the excimer fluorescence to be a sensitive and robust method for detecting low nanomolar DNA concentrations in complex biological media without the need for sample pretreatment, extractions, or target amplification.
Tunable Intensity through Multiple-Pyrene Labeling. Another feature of the multiple-pyrene label is that the excimer intensity can be scaled, 34 to a large extent, by the local pyrene density at the terminal of the MB. Unlike pyrene, other fluorophores will self-quench if intermolecular distances are too short. It has been shown that double-labeling organic fluorophores to the terminals of free oligonucleotides significantly decreases the fluorescence intensity relative to single-fluorophore labeled oligonucleotides. 15 Whereas most commercial organic fluorophores have Stokes shifts ranging from 10 and 40 nm, the pyrene excimer exhibits an exceedingly long Stokes shift (approximately 130 nm) with no overlap between the monomer absorption (350 nm) and excimer emission (480 nm) bands. This peak separation allows the pyrene excimer to avoid the effects of self quenching even at high concentrations and labeling densities. More importantly, pyrene excimer formation requires the complexation of an excited-state molecule with a ground state molecule. Increasing the density of pyrene molecules assembled at the MB terminal enhances the probability of forming excitedstate dimers. In polypyrenylalkanes, it has been shown that intramolecular excimer formation is favored both by the thermodynamic stabilization of the dimer and the long excited-state lifetime of the pyrene monomer during which excimer formation proceeds. 20 In the dendrimeric pyrene assemblies reported here, the long length and symmetric branching arrangement of the alkane linkers provide more flexibility for the pyrene molecules to interact equivalently and thus not be limited to nearest-neighbor interactions, such as with rigid, linear assemblies. This may further enhance excimer formation since any one of the pyrene monomers, when excited, can dimerize with any of the groundstate monomers with equal probability. The expanded excimer intensity range of these multiple-pyrene MBs may offer improved signaling sensitivity in fluorescence-based detection methods.
In addition to MB-2P, we synthesized MBs with 1, 3, and 4 pyrene monomers conjugated at the 5′ end to investigate the effect of pyrene assemblies on the excimer signaling performance in MBs.
The emission spectra of the pyrene labeled beacons in the presence of excess cDNA showed a substantial increase in excimer intensity with an increased number of pyrene monomers in the label (Figure 5a ). The monomer emission intensity at 376 and 398 nm also increased but to a much lesser extent than the excimer emission for the MBs bearing 2, 3, and 4 pyrenes. The increased excimer/monomer emission ratio for each additional pyrene (Table 1) indicates excimer formation was more favorable with higher densities of pyrene labeled at the terminal. The fluorescence quantum yields of the different MBs were determined (Table 1) . The quantum yield increased with an increasing number of pyrenes in the label, reaching a value of 0.20 for MB-4P. Such a high quantum yield, together with a remarkable extinction coefficient (56 000 × 4 ) 224 000 cm -1 M -1 ), makes the 4-pyrene label an exceptionally bright UV excitable fluorophore. The fluorescence decays were also monitored to investigate if the increased excimer signals from the MBs were sustained after pulse excitation. Figure 5b shows the fluorescence decays at 480 nm for the multiple-pyrene MBs in the presence of excess cDNA. Each additional pyrene monomer resulted in slower excimer decay, with an increase in fluorescence lifetime of 8 ns for MB-4P relative to MB-2P (Table  1) . This increased excimer lifetime has the potential to provide higher background discrimination, and thus higher signaling sensitivity, in both steady-state and time-resolved bioassays.
Hybridization experiments indicate that although overall excimer intensity increased with the number of pyrene molecules, the background signal from the free MB also increased, as the steady-state signal-to-background ratio of MB-4P was nearly 3-fold lower than that of MB-2P (Table 1) . It was apparent that the excimer quenching efficiency of the single DABCYL molecule decreased as the number of pyrene monomers increased. This was likely due in part to a larger overall separation between the pyrene and quenching moieties, which reduced the energy transfer efficiency. Another potential reason may be that the emission intensity exceeded the quenching capacity of the single DABCYL molecule. Two possibilities for improving the quenching efficiency in the stem-closed MBs include (i) matching the lengths of the linkers connecting the quencher and pyrene molecules and (ii) replacing the single quencher with a superquencher assembly 36 to increase the number of available energy acceptors. These modifications will be evaluated in future work.
These results suggest a way to build a bright fluorophore by assembling multiple pyrene molecules together in a way that both preserves probe functionality and enhances excimer formation. Whereas previous pyrene assemblies have made use of linear polypeptide 35 and polynucleotide 34 backbones, these dendrimeric linkages bring multiple pyrene monomers together in close proximity to further enhance the probability of excimer formation. Of course, solubility of the product may be a problem for some biological applications because of the hydrophobicity of the pyrene assembly. Therefore, water-soluble pyrene derivatives, such as Cascade Blue, may be better suited for these pursuits. Our initial testing indicates that this fluorophore exhibits similar excimer forming properties as pyrene with the excimer emission peak around 510 nm. Also, to alleviate the quenching of pyrene by oxygen common to biological environments, alkynylpyrene derivatives 38 have been shown to retain high fluorescence intensity in aerated environments and thus have potential to be employed in similar excimer signaling probes as presented here.
Stem Stability Analysis. Considering the long length of the dendrimeric linkers and hydrophobicity of the pyrene molecules, the ability of the MB stem to open freely in the presence of cDNA was likely to be impacted by a combination of stabilizing and destabilizing interactions between the multiple-pyrene moiety and either the quencher moiety or bases within the stem helix.
We evaluated the rate of stem opening by comparing the hybridization kinetics of MB-1P and MB-4P in buffer solution (Figure 6a ). The excimer fluorescence intensity was monitored vs time for each MB (monomer fluorescence for MB-1P and excimer fluorescence for MB-4P) in the presence of complimentary target. As shown in Figure 6a , under the same conditions, the half-time to open MB-1P was approximately 76 s whereas MB-4P required 71 s. This result suggests the multiple-pyrene labels have little effect on the hybridization kinetics of the MB to its target DNA. A thermal denaturation analysis (Figure 6b ) was also conducted to compare the relative stem stabilities in each MB. The excimer fluorescence intensity was monitored with increasing temperature as the equilibrium shifted from the stem-closed to stem-open conformation (monomer emission used for MB-1P). The melting point for MB-1P was 60.1 and ∼1.5°C lower than any of the multiple-pyrene MBs. There was no clear difference in stability, however, between the MBs containing multiple pyrenes conjugated to the terminal. This indicates that the multiple-pyrene assemblies may be self-aggregating and thus causing the stem stability to be independent of additional pyrene monomers in the label (beyond 2). In addition, the multiple-pyrene label may exhibit more affinity toward the quencher moiety than a single-pyrene linker, which may account for the small difference in melting temperatures between the single and multiple pyrene MBs.
Conclusions
We have designed and applied multiple-pyrene molecular beacons for the detection of target nucleic acids in realtime, homogeneous assays. The dual-pyrene labeled beacon (MB-2P) produces an excimer emission in the presence of target DNA and offers high detection sensitivity and selectivity comparable to other fluorophore labeled DNA probes. The long lifetime (∼40 ns) and large Stokes shift (130 nm) of the pyrene excimer favors a time-resolved analysis approach that easily discriminates between the stem-open and stem-closed conformations of the MB in cellular media. Monitoring the excimer emission decay of MB-2P resulted in a sensitive method for detecting low concentrations of target DNA under conditions of high autofluorescence (cell growth media) without the need for sample pretreatment or washing steps. Whereas previous multiple-fluorophore labeling in molecular probes resulted in decreased fluorescence intensities, multiple-pyrene labeling enables a unique tunable intensity feature in which the excimer intensity is scaled by the number of pyrene monomers in the label. Both the excimer intensity and quantum yield of MB-4P (hybridized) were 6 fold higher than for MB-2P with little change in the pyrene monomer intensity. The high emission intensities achieved by these multiple-pyrene assemblies may be utilized in similar probes for expanding the dynamic signaling range in both steady-state and time-resolved fluorescence assays. The integration of multiple-pyrene assemblies in molecular beacons presents a useful application of the pyrene excimer for targeting biomolecules with increased sensitivity and using straightforward spectroscopic methods.
